T he loop of Henle reabsorbs Ϸ20% of the glomerular filtrate and plays a key role in the production and maintenance of renal medullary hypertonicity, providing the kidney with the ability to form urine that can be more diluted or concentrated than plasma, a functional capacity that is essential for survival of mammals that live on land, including human beings. The distal nephron, the segments beyond macula densa, reabsorbs Ϸ10% of the filtrate and secretes potassium under the modulating influence of hormones, including aldosterone and vasopressin. Therefore, the loop of Henle and the distal nephron together are responsible for the fine control of renal sodium and water excretion and urine osmolarity.
Several studies have shown that changes in electrolyte and water metabolism during periods from 5 to 14 days induce functional and structural adaptation of the thick ascending limb and distal tubule in order to keep the internal milieu unchanged. The adaptation goes from increased reabsorption capacity to structural changes such as tubular hypertrophy, increase in basolateral membrane area and in size and number of mitochondria, and an increase in basolateral Na ϩ -K ϩ -ATPase activity. [1] [2] [3] [4] To date, however, little is known about molecular mechanisms of adaptation in these nephron segments.
Electroneutral sodium chloride-coupled cotransporters are good candidates to be involved in the adaptation of the loop of Henle and distal tubule to modifications in sodium and water ingestion. BSC1 is expressed in the apical membrane of the thick ascending limb of Henle's loop, 5, 6 where it is one of the targets of vasopressin and is responsible for Na ϩ reabsorption, 7 whereas TSC is expressed in the apical membrane of the distal tubule, 8 where it is the major pathway for NaCl transport 9 and is also involved in calcium reabsorption.
10 BSC1 and TSC also serve as the furosemide or thiazide receptors, respectively, which are among the most common drugs used in the treatment of hypertension and sodium-retaining states. Their role in the long-term regulation of salt metabolism and arterial pressure has recently gained more attention as they have been shown to be part of the genes working on a common pathway that regulates salt reabsorption in the kidney. Point mutations of BSC1 or TSC cosegregate with the development of Bartter's or Gitelman's syndromes, respectively, 11, 12 conditions associated with reduced blood pressure, by diminishing renal salt reabsorption. Major advances have been made in the past few years in the molecular identification of the electroneutral sodium chloride-coupled cotransporters. cDNA encoding BSC1 or TSC has been isolated from several species, [11] [12] [13] [14] [15] [16] [17] [18] providing new tools to investigate their role in the regulation of ion transport and nephron adaptation to changes in sodium and water ingestion.
The objective of the present work was to study BSC1 and TSC mRNA expression in rat kidney after modifications of NaCl and water metabolism by changing the amount of NaCl or water ingestion or by administering furosemide during a 7-day period.
Methods

Rats
Male Wistar rats weighing 200 to 300 g, inbred in our animal facility, were used for the study. All rats were kept in metabolic cages (Nalgene) at the animal facility with light/dark cycles of 12/12 hours at constant temperature and humidity of 20°C and 65%, respectively, during 4 days before and during the experimental period. Urine that was spontaneously voided during every 24 hours was collected in the metabolic cage, with light mineral oil in the urine collector to determine daily urinary electrolyte excretion and osmolarity. At the end of the experiment, serum and urine electrolytes were measured with a NOVA4 electrolyte analyzer (NOVA Biomedical), serum and urine creatinine with an autoanalyzer (Beckman Instruments), and osmolarity with a digimatic osmometer model 3D2 (Advanced Instruments Inc). Renal creatinine clearances were calculated by the standard formula CϭU ⅐ V/P, were U is the concentration in urine, V is urine flow rate, and P is plasma concentration. Our institutional animal care committee approved the experimental protocol.
Experimental Procedures
Six groups of animals were studied over a 7-day period. Group 1 was given high NaCl intake. Animals were allowed to 20 g/d of high NaCl chow (2.92% NaCl chow, AIN-76-modified, ICN Biochemicals) with free access to tap water. Group 2 was given low NaCl intake. Animals in this group received 20 g/d of low NaCl chow (0.029% NaCl chow, AIN-76-modified, ICN Biochemicals) and had ad libitum access to tap water. Group 3 was given saline loading. Rats were fed with 20 g/d of regular rat chow but they drank exclusively NaCl water (0.16 mol/L). Group 4 was the dehydration group. Rats had free access to food with limited access to 10 mL of tap water per day. This group was studied for only 4 days. Group 5 was given water loading. Animals had no access to food and drank exclusively 10% glucose water. Group 6 was given furosemide. Rats received a daily intraperitoneal injection of furosemide (10 mg/100 g of body wt in saline solution, pH 8.0) and were allowed 20 g/d of regular chow with free access to a high salt drinking fluid (8 g/L of NaCl and 1 g/L of KCl). The control animals for groups 1 to 5 consisted of rats that were simultaneously carried through all procedures and allowed to eat 20 g/d of regular chow diet and ad libitum access to tap water. As a control for the furosemide group, we used rats that were treated with intraperitoneal injection of saline solution at pH 8.0 and were allowed to eat 20 g/d of regular chow with free access to tap water.
Northern Blot Analysis
At the end of each experiment, rats were killed and the kidneys were macroscopically subdivided into cortex and outer and inner medulla. Total RNA was extracted from each renal cortex or outer medulla by use of the guanidine/cesium chloride method. 19 The RNA was dissolved in sterile DEPC-treated water, and RNA concentration was determined by absorbance reading at 260 nm (DU 640, Beckman). Because BSC is a highly abundant gene in the renal outer medulla, the analysis was performed by Northern blot, with a nonradioactive method. Aliquots of 2.0 g of total RNA from each outer medulla sample were separated by 1% agarose/formaldehyde gel electrophoresis and transferred to a nylon membrane (Duralon UV, Stratagene). RNA was fixed to the nylon membrane by UV cross-linking (Stratalinker, Stratagene).
A digoxigenin-UTP-labeled full-length riboprobe (Boehringer) was generated from the apical isoform of the rat renal BSC1 cDNA 15 by in vitro transcription with SP6 RNA polymerase. As control gene, a digoxigenin-UTP-labeled riboprobe was constructed from a 196 bp fragment of ␤-actin cDNA by in vitro transcription with T3 RNA polymerase. Membranes were prehybridized at 60°C for 2 hours in 5ϫ SSCP, 50% formamide, 2% SDS, 0.1% N-lauroylsarcosine, and 5% blocking reagent (Boehringer). The membranes were then hybridized at 65°C for 12 hours, using the same buffer containing 10 ng/mL of BSC1 and ␤-actin probes. The membranes were washed twice for 15 minutes in 2ϫ SSCP, 0.1% SDS at room temperature and twice during 20 minutes with 0.1ϫ SSCP, 0.1% SDS at 65°C. Hybridization bands were detected by chemiluminescence (CDPStar, Boehringer). Autoradiographs were scanned and the hybridization bands measured by densitometric analysis.
Semiquantitative PCR
Because TSC is not a highly abundant gene in the renal cortex, expression analysis was performed with the use of a semiquantitative PCR approach, as previously described. 20 Briefly, TSC primers were custom designed (Genosys) to amplify a region that exhibits the lowest degree of identity among members of the electroneutral cotransporter family, 21 corresponding to the bases 589 to 792 of the cloned rat TSC cDNA, 15 yielding a 204 bp product. Oligonucleotide primer sequences were 5ЈAATGGCAAGGTCAAGTCGG3Ј and 5ЈGATCGGGATGTCATTGATGG3Ј. The primer's specificity was demonstrated by sequencing the PCR product in both directions (Sequenase Version 2.0, USB). To monitor the nonspecific effects of experimental treatment and to semiquantitate TSC expression, we coamplified a fragment of GAPDH by using primers that have been previously described 22 and yield a PCR product of 515 bp. Genomic DNA contamination was checked by carrying samples through the PCR procedure without adding RT.
RT was carried out with the use of 5 g of total RNA from each renal cortex. Before the RT reaction, RNA was heated at 65°C for 10 minutes. denaturation, 1 minute at 94°C; annealing, 1 minute at 60°C; and extension, 1 minute at 72°C. The last cycle was followed by a final extension step of 5 minutes at 72°C. All reactions were performed in duplicate and within the exponential phase of the curve. Preliminary studies were performed to determine the optimum number of cycles for quantitation. From the kinetic curves we determined 18 cycles as the optimal number for both TSC and GAPDH primer pairs. 20 To analyze
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BSC1 ϭ bumetanide-sensitive Na ϩ -K ϩ -2Cl Ϫ PCR ϭ polymerase chain reaction RT ϭ reverse transcription/transcriptase TSC ϭ thiazide-sensitive Na ϩ -Cl Ϫ cotransporter the products, one half of each reaction was electrophoresed on a 3% low melting point agarose gel. Bands were ethidium bromide stained and visualized under UV light, cut out, and melted at 95°C in 500 L of double-distilled water. Relative amount of amplified cDNA was then determined by liquid scintillation counting (Beckman LS6500). The amount of radioactivity recovered from the excised bands was plotted in a log scale against the number of cycles.
Statistical Analysis
Statistical significance is defined as the two-tailed value of PϽ.05, and the results are presented as meanϮSEM. The significance of the differences was tested by one-way ANOVA with Bonferroni correction.
Results
Rats from the six groups tolerated all treatments well. No significant differences occurred in plasma sodium, potassium, and chloride concentration as compared with the control groups (data not shown). At the end of the experiments, body weight of the control groups was similar to saline loading (300Ϯ19 g), dehydration (258Ϯ19 g), and furosemide groups (317Ϯ36 g) but lower than in high salt diet (328Ϯ25 g, PϽ.05) or low salt diet groups (347Ϯ24, PϽ.05) and higher than in the water-loaded group (228Ϯ16, PϽ.05). Water intake, diuresis, urinary sodium, and potassium excretion are depicted in Fig 1. Rats exposed to high salt diet, saline, water loading, or intraperitoneal injection of furosemide showed higher water intake and diuresis than the control group ( Fig  1A and 1B) . As expected, urinary sodium excretion increased in high salt diet, saline-loaded, and furosemide-treated rats and decreased markedly in low salt diet, dehydrated, and water-loaded rats (Fig 1C) . Thus, each group showed the appropriate renal response to the modification in salt or water intake. Potassium urinary excretion increased in furosemidetreated rats (Fig 1D) . Fig 2 shows urinary osmolarity and creatinine clearance in the studied groups. Urinary osmolarity decreased in high salt diet, saline-loaded, water-loaded, and furosemide-treated rats and increased in dehydrated rats. Because the group exposed to the low salt diet showed decreased urinary volume and sodium excretion, the urinary osmolarity of this group remained unchanged (Fig 2A) .
Thus, urinary osmolarity changes agreed with the expected response for each group. In addition, there was no significant difference in creatinine clearance in any experimental group (Fig 2B) , demonstrating that the adaptation of each group to the experimental maneuver was due to changes in tubular sodium and/or water reabsorption and not in glomerular filtration rate.
Because BSC1 and ␤-actin are 4.6 kb and 1.8 kb in size, respectively, membranes were exposed to both probes at the same time, under high stringency conditions. Thus, hybridization bands for both BSC1 and ␤-actin were obtained in the same membrane. Representative examples for each studied group with their respective controls are shown in Fig 3. In all cases, the membranes were exposed to autoradiography for 2 to 5 minutes. It is quite apparent that in all cases hybridization bands for BSC1 and ␤-actin are very similar between control and experimental groups. The ratio of BSC1 expression over the control gene ␤-actin in experimental versus control animals for each group was as follows: high salt diet, P]-dCTP. Products were resolved in agarose gels, and bands were cut out and counted by liquid scintillation. The ratio of TSC/GAPDH cpm for each group is shown in Fig 4. There was no significant change in the TSC/GAPDH ratio of the rats exposed to high salt diet, low salt diet, saline or water loading, or furosemide administration. However, in the dehydration group, a significant increase was observed that was 2.8-fold higher that its control group.
Discussion
The main finding of the present study is that gene expression at the mRNA level of BSC1 and TSC, present in the apical membrane of the thick ascending limb of Henle's loop and distal tubule, respectively, does not change during modification of salt and water ingestion and during 7-day administration of the loop diuretic furosemide. Only dehydrated rats exhibited an increased expression of TSC. Although 7 days is a relatively short period of time, it has been shown in most of these models that it is enough time for the kidney to develop functional and structural adaptations. 3, 4, 6, [23] [24] [25] [26] [27] In addition, Figs  1 and 2 show that after the 7-day period, rats from all groups were fully adapted to each maneuver, which suggests that functional and structural changes did occur.
We analyzed six different challenges to the kidney. We used two forms of sodium loading that induce an increase in renal salt excretion, one of these by giving a high sodium diet and allowing the rats to drink tap water to counterbalance salt ingestion and the other by giving NaCl in the drinking water, which prevents osmolarity compensation of the ingested sodium. The low salt diet induced a maximal sodium retaining state, with decrease in both water ingestion and urinary volume and thus with no effect in urinary osmolarity. Water loading without salt administration also induced maximal sodium retention but with an increased urinary volume, therefore producing maximal water diuresis. Dehydration activates maximal sodium and water retention, increasing urinary osmolarity and finally, furosemide treatment, which inhibit BSC1 function, resulting in increased natriuresis and diuresis. As Fig 3 shows , although in all groups the kidneys were able to compensate the modification in water or salt ingestion, there was no change in the level of BSC1 mRNA expression compared with control rats. Therefore, variation in the amount of BSC1 gene expression at the mRNA level is not involved in long-term adaptation of the thick ascending limb of Henle's loop to changes in water or NaCl metabolism. These results are in agreement with Ecelbarger et al, 6 who, using polyclonal antibodies, observed no change in the amount of BSC1 at the protein level in Sprague-Dawley dehydrated or water-loaded rats and in vasopressin-treated Brattelboro rats.
Ecelbarger et al 6 observed a shift in size and increased amount of BSC1 protein in furosemide-treated rats, which occurred with similar changes in Tamm-Horsfall and aquaporin-2 water channel proteins, which suggests that these observations were secondary to nonspecific effects of the diuretic on apical membrane proteins. Our finding of no change in BSC1 mRNA levels in the outer medulla of furosemide-treated rats for 7 days argues in favor of this possibility, indicating that furosemide itself has no effect on BSC1 gene expression. On the other hand, Ecelbarger et al 6 also showed an increase in BSC1 protein abundance in the renal medulla of saline-loaded rats, without similar change in Tamm-Horsfall protein, which suggests that the increased amount of BSC1 protein was due to upregulation. Because we observed no change in mRNA level of BSC1 in the outer medulla from saline-loaded rats, it is likely that the increase in BSC1 protein in this model is due to posttranscriptional modifications.
Experimental maneuvers studied by changing water and salt ingestion also represent a functional challenge to the distal tubule, in particular the high sodium diet, saline loading, and furosemide treatment, because it has been shown that increase in sodium delivery to the distal tubule results in marked hypertrophy of epithelial cells, with increase in basolateral membrane area, as well as in NaCl transport capacity and Na [ 3 H]metolazone binding sites, as an indirect assessment of thiazide receptors, has also been analyzed in these situations. An increase has been observed in furosemide-treated rats, a decrease in water-loaded rats, and no change during administration of a low or high sodium diet. 23 However, as Fig 4  shows , TSC expression at the mRNA level was not modified in any model, with the exception of dehydrated rats, which suggests that TSC is upregulated only in extreme conditions in which the distal tubular fluid is highly concentrated.
Obermuller et al 27 have recently observed, by using in situ hybridization analysis, an increase in distal tubule TSC mRNA expression, together with an increase in maximum binding affinity for [ ]metolazone binding sites, which suggests that TSC expression is upregulated. However, we found no change in BSC1 or TSC mRNA levels after 7 days of treatment. In the studies by Obermuller et al 27 and Chen et al, 23 although rats drank both salt and tap water ad libitum, they developed a significant decrease of 18% to 30% in total body weight. In contrast, in the present study, as well as in those by Kaissling et al 26 and Scherzer et al, 29 rats showed signs of furosemide effects, such as increase in urinary volume and sodium excretion and decrease in urinary osmolarity (Figs 1 and 2 ), but they exhibited no evidence of weight lost after 7 days of treatment. It is possible that renal water loss in furosemide-treated rats from studies by Obermuller et al 27 and Chen et al 23 were not fully compensated by drinking water (for example, because of nausea, anorexia, or diarrhea). Thus, although rats exhibited increased urinary sodium excretion, they were actually dehydrated, the condition in which we observed increased expression of TSC at the mRNA level.
In conclusion, on the basis of our data, we believe that nephron functional and/or structural adaptation to modification in NaCl and water metabolism does not induce changes in the level of gene expression of BSC1 and TSC.
